In the present work, magnesium diffusion in silicon studied recently in the temperature range 600-1200 °C (Astrov et al. in Phys Status Solidi A 214:1700192, 2017; Shuman et al. in Semiconductors 51:5, 2017) is investigated on the basis of the cBΩ thermodynamic model, which connects point defect parameters with the macroscopic elastic and expansion properties. The calculated activation Gibbs free energy, activation enthalpy, activation entropy, activation volume and activation specific heat of Mg diffusion exhibit non-linear temperature dependence, due to the anharmonic behavior of the isothermal bulk modulus of Si. The calculated activation enthalpy of diffusion (1.67-2.12 eV) is in agreement with the reported experimental value (1.83 ± 0.02 eV) of Mg diffusion in Si, whereas the calculated activation volume (60% of the mean atomic volume) is compatible with the reported interstitial diffusion of Mg impurities.
Introduction
Silicon (Si) is the mainstream semiconductor material with applications in nanoelectronic, photovoltaics devices, and sensor applications [1] [2] [3] [4] [5] . Si has been intensively investigated over the past decades, however, recent experimental [time-of-flight secondary ions mass spectrometry (TOF-SIMS)] and theoretical advances [density functional theory (DFT)] have resulted in a better understanding of the defect process and diffusion mechanisms at an atomistic level [6] [7] [8] . This is important as the intrinsic point defects (i.e. vacancies, V and self-interstitials, I) effectively facilitate self-and dopant diffusion in Si and other group IV semiconductors such as germanium [6] [7] [8] .
The defect processes of magnesium (Mg) in Si have been studied for numerous years [9] [10] [11] [12] [13] . From a technological viewpoint the interest is driven by the potential application of Mg-doped Si in photonic devices [14] . Mg in Si is a divalent donor with a low solubility of Mg interstitials (Mg i ) of the order of 10 15 cm −3 [15, 16] . Interestingly, it was determined by Sigmund that the concentration of Mg can be up to 10 19 cm −3 at 1200 °C [17] . Recent experimental diffusion studies in dislocation free Mg-doped Si employed the p-n junction method and Hall measurements to indicate that mainly Mg i migrate [12, 13] .
In previous studies we employed thermodynamic approaches in conjunction with experimental techniques and/or DFT to gain an understanding of point defect properties in doped Si [18, 19] . These methods effectively connect the defect Gibbs free energy g i ( i = f for defect formation, act for self-diffusion activation, or m for migration) with bulk properties in the crystalline solid [20] [21] [22] [23] [24] . The cBΩ model by Varotsos and Alexopoulos [22] [23] [24] [25] [26] ( g i is proportional to the isothermal bulk modulus B and the mean volume per atom Ω ) is an efficient way to describe the defect processes in materials [20] [21] [22] [23] [24] [25] [26] . In particular, the cBΩ model has been employed to describe a range of systems (oxide fluorites, diamond, Si, AgI, Ge, ZnO, GaAs) for numerous applications (including for example electronic, nuclear, geophysical) [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
In the present study, the recently reported experimental data [12, 13] on diffusion of Mg in Si in the temperature range, 873-1473 K are analyzed in the framework of the cBΩ model. Based on reported elastic and expansion properties of Si, we calculate the corresponding temperature dependence of various point defect thermodynamic parameters such as activation enthalpy, activation Gibbs free energy, activation entropy, activation volume and specific heat of activation. Our predictions are discussed with respect to reported experimental results.
Methodology

The cBΩ model
The cBΩ model has been developed on the substantiated thermodynamic basis [24] that the Gibbs free energy of activation (formation or migration) of a point defect is proportional to the isothermal bulk modulus B and the mean volume per atom Ω of the host material, i.e.
here, c act is a dimensionless constant that is temperature and pressure independent under certain experimental conditions [24] . In this regard, the diffusion coefficients D of a dopant in a monoatomic crystal, via a single mechanism, are given by the following modified Arrhenius equation where the diffusion correlation factor f depends on the diffusion mechanism and the crystal structure, g is a geometric factor, a 0 is the lattice parameter, is the attempt frequency and k B is Boltzmann's constant.
The temperature (or pressure) dependence of various point defect parameters of diffusion, for example the activation entropy s act , activation enthalpy h act , activation volume act and specific heat of activation c act P , according to Eq. (1), is exclusively a function of the elastic and expansion properties of the bulk material, through the following relations and here, β denotes the volumetric coefficient of thermal expansion, = Ω −1 ( Ω∕ T| P ) and is also temperature and pressure dependent. The activation volume is a useful point defect parameter, as it provides a fingerprint of the mechanism of the diffusion process.
In the previous Eqs. (1) and (3) (4) (5) (6) , the constant c act can be determined by the mean value method which is applied in cases where experimental diffusion data is available on a broad range of temperatures [27, 31] . Specifically, by taking the decimal logarithm of both sides in Eq. (2), we obtain According to Eq. (7), a linear relation between the values logD of the experimental diffusion coefficients and the calculated quantity BΩ∕k B T implies the validity of the cBΩ model for the case of a single diffusion mechanism, while c act is derived directly from the slope of the linear fit.
Bulk properties of Si
Accurate measurements of the lattice parameter of high-purity crystalline Si in a wide temperature range (300-1500 K) has been reported by Okada and Tokumaru [38] . From their experimental results, they derived an empirical formula of the linear thermal expansion coefficient, as follows
Based on these findings, the mean atomic volume per atom Ω of the diamond cubic crystal lattice of Si and its linear thermal expansion coefficient a l are depicted in Fig. 1a The isothermal bulk modulus B(T) of Si is derived from the relation [37, 39] where B s stands for the adiabatic bulk modulus for which experimental data has been reported over the temperature range 293-1273 K [40] , is the volumetric coefficient of thermal expansion ( = 3a l ) and γ (= 0.367) is the Grüneisen constant of Si [41] . The calculated isothermal bulk modulus of Si with respect to temperature is shown in Fig. 1c . In the medium temperature range (400-900 K) B varies almost linearly with temperature, while at higher temperatures (T > 900 K) a deviation from linearity is clearly observed. This deviation has been also reported for other solids at temperatures near their melting point [42] . Since the diffusion data of Mg in Si considered in the present study extends to higher temperatures (873-1473 K), a 2nd order polyno-
.998] was used to fit the isothermal bulk modulus in
the range 873-1273 K and extrapolate its values to higher temperatures, up to 1473 K. As a consequence, the temperature derivative of the isothermal bulk modulus B∕ T| P which is used in Eqs. (3), (4) and (6) follows a linear behavior.
Recently, the pressure derivative of isothermal bulk modulus of Si has been reported to be ( B∕ P) T = 5.08 at ambient pressure [43] . This value was used for the calculation of activation volumes using Eq. (5). Other reported values of ( B∕ P) T derived from Murnaghan equation do not affect considerably the calculated activation volumes [18, 44] . These bulk properties of Si can also be used for the implementation of the cBΩ model in the study of any other dopant diffusion in crystalline Si [18] .
Results and discussion
Mg diffusion in dislocation-free Si has recently been investigated by Astrov et al. and by Shuman et al., in a broad temperature range (873-1473 K) [12, 13] . Astrov et al. [13] reported that the temperature dependence of Mg diffusion coefficients obeys to a single Arrhenius equation, as follows To the best of our knowledge, no other experimental diffusion data of Mg in Si has been reported so far.
The reported experimental diffusion coefficients D exp of Mg in Si with respect to the calculated dimensionless quantity BΩ∕k B T are shown in Fig. 2 . It should be noted here that as Ω increases with T, at the same time isotheral bulk modulus B decreases (refer to Fig. 2a, c) , and thus their product BΩ remains almost constant. Actually, BΩ determines the activation Gibbs free energy through Eq. (1) and exhibits a rather small variation with temperature, as shown afterwards. Consequently, log D exp decreases linearly with the quantity BΩ∕k B T . According to Eq. (6), the linear correlation of these two quantities (R 2 = 0.996) suggests the validity of the cBΩ model. From the slope of the linear fit, the value of the parameter c act was calculated to be 0.1452 ± 0.0028. The experimental diffusion coefficients of Mg in Si and the corresponding calculated values (solid line) according to the cBΩ model are shown in the Arrhenius plot of Fig. 3 . There is a good agreement between experimental and calculated values that allow proceeding further to the calculation of various point defect parameters. Specifically, (7) 1 3 activation Gibbs free energy (g act ) , activation enthalpy (h act ) , the energy term Ts act , activation entropy (s act ) as well as the specific heat of activation have been plotted in Fig. 4 Fig. 4a ), while, with regard to activation enthalpy and specific heat of activation a linear increase is observed in both cases (refer to Fig. 4b ). The ranges of the values of the aforementioned point defect parameters along with their calculated uncertainties are summarized in Table 1 . Furthermore, the corresponding reported values of self-diffusion as well as of Ni and Cu fast diffusion in Si are also included in Table 1 , for comparison. The experimental value of Mg activation enthalpy (1.83 eV) lies in our calculated range of values (1.67-2.12 eV).
The concept of temperature-dependent thermodynamic properties of point defects has been adopted by Kube et al., in the case of self-diffusion in Si over a broad temperature range (923-1661 K) [47] . In their study, they assumed a linear variation of activation enthalpy with temperature for vacancy defects to explain the non-linear Arrhenius behavior of self-diffusion coefficients. However, their assumption has been interpreted in the framework of the cBΩ model by Saltas et al. [37] , where the non-linear anharmonic behavior of the bulk modulus of Si (refer to Fig. 1c) has inevitably resulted in the temperature dependence of activation enthalpy, according to Eq. (4). In this context, the temperature dependent bulk properties of Si influence all the other calculated point defect parameters (refer to Eqs. 1, 3, 5 and 6), which also exhibit temperature dependence, as in the present case or in previous study of Ni and Cu fast diffusion in Si [18] . On the contrary, in the case of tin diffusion in Ge [48] , the linear behavior of bulk modulus of Ge in the temperature range 828-1203 K does not cause significant variation of the activation enthalpy and other calculated point defect parameters.
Finally, we have to mention that in all cases of self-or hetero-diffusion in Si (refer to Table 1), the temperature dependence of act is negligible due to the constant value of ( B∕ P) T and the slow varying mean atomic volume Ω , according to Eq. (5) . In the present case of Mg diffusion in Si, the calculated values of activation volume correspond to ~ 60% of the mean atomic volume at room temperature, Ω 0 (refer to Table 1 ). Shuman et al. reported that the Mg diffusion in Si occurs mainly via the interstitial mechanism [12] . If Mg is indeed diffused in interstitial sites, the corresponding activation volume of diffusion does not include any defect formation and thus it would be equal to the migration volume, 
Conclusions
In the present work, the recently reported experimental data of Mg diffusion in Si is investigated in the framework of a thermodynamic model which allows the calculation of point defect parameters from the macroscopic bulk properties of the host material. Based on accurately reported experimental elastic and expansion properties of Si, the Gibbs free energy, enthalpy, entropy, volume and specific heat of activation were calculated as a function of temperature in the range, 873-1473 K. All these quantities are temperature dependent due to the anharmonic behavior of the isothermal bulk modulus of Si. The calculated activation enthalpy is in agreement with the recently reported experimental value and the corresponding activation volume suggests the interstitial diffusion mechanism. The present study can serve as a paradigm to related work on the defect processes of semiconductors and oxides [49] [50] [51] [52] .
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